Photoinduced phenomena in Se-loaded ZSM-5 single crystals have been studied through electron-spin resonance, optical absorption, and photoluminescence spectroscopy. Marked exposure effects appear at room temperature. Upon illumination of visible light, an electron-spin signal at g Ϸ 2.00 increases by an order, subgap absorption of 10 3 cm −1 appears, and photoluminescence at subgap regions weakens to a half. Timescales of these photoinduced changes including recoveries are not the same, which suggests different origins for the three changes. The spin increase evinces bond scission in single Se chains.
I. INTRODUCTION
Photoinduced phenomena in chalcogenide glasses have attracted considerable interest for a long time, while underlying mechanisms remain speculative. [1] [2] [3] To examine the mechanism, we may choose the simplest material, amorphous Se ͑a-Se͒, which exhibits three kinds of photoinduced phenomena: photocrystallization at ϳ350 K, 2,4,5 photodarkening and related changes at 100-300 K, [6] [7] [8] and photoinduced electron-spin resonance ͑ESR͒ signals at ϳ10 K. [9] [10] [11] However, the disordered structure consisting of entangled chains ͑and rings͒ held together by van der Waals forces [12] [13] [14] still makes the elucidation of photoelectroatomic processes difficult.
To understand the principal role of electronic excitation in Se, we may explore photoinduced phenomena in single clusters. Nagaya et al. 15 demonstrated that free Se 5 + ͑odd number͒ ions in vacuum are unstable under illumination, while the details have not been reported. On the other hand, considerable studies have been performed for Se clusters loaded into zeolites, which are transparent and porous SiAl-O crystals with a variety of kinds. 16 Reported phenomena for Se are photoinduced absorption in NaA, 17 photostructural changes in mordenite 18 and zeolite 4A, 19 photoinduced fragmentation in zeolite Y ͑Ref. 20͒ and A, 21 and photoionization in cancrinite. 22 However, these studies are limited in experimental conditions. First, some studies employ powderlike zeolites, 18, 19 and accordingly, Se atoms deposited onto zeolite surfaces may affect or govern observed properties. Second, all the zeolites previously employed are fairy ionic ͑Al/ SiՆ 0.2͒, [17] [18] [19] [20] [21] [22] which inevitably causes strong interaction between Se and inner-wall atoms of the pore in zeolite, as theoretically predicted. 23, 24 Third, some researchers employed zeolites having substantially larger pores than atomic diameters of chalcogen, [17] [18] [19] [20] [21] [22] which may mask single molecular properties. Finally, previous studies detected photoinduced effects at low temperatures, [17] [18] [19] except a few on photofragmentation and ionization at room temperature. [20] [21] [22] Therefore, it is interesting to examine if Se clusters loaded into a zeolite having covalent and tight pores present some photoinduced phenomena.
We here investigate the phenomenon in Se-loaded ZSM-5 ͑z-Se͒. This zeolite is fairly covalent ͑Al/ Si= 0.02͒ and has pores with free and framework diameters of ϳ0.56 and ϳ0.83 nm. 25, 26 The authors have suggested in a previous paper 27 that in this zeolite, Se takes single fourfold ͑not threefold͒ helices with an external diameter of ϳ0.68 nm. The Se content in ZSM-5 crystals is estimated at ϳ10 15 / piece and ESR measurements give a spin density of ϳ10 13 / piece, which can be ascribed to oxygen chargetransfer complexes. Taking these results into account, we envisage that the Se chain has lengths of ϳ10 2 atoms on average, both ends being terminated by the oxygen complexes. In addition, Raman-scattering spectra suggest the existence of Se 2 , which is known to be stable in Se vapor. 28 ͓Whether the chain length varies at ͑i͒ 2−10 2 or ͑ii͒ 2 and ϳ10 2 is not known.͔ The optical absorption edge is located at ϳ2.2 eV, while the absorption edge is substantially gradual, which implies varied chain lengths and/or defective structures.
The present work demonstrates, for the first time, that Se in ZSM-5 exhibits three kinds of photoinduced phenomena at room temperature. Photoinduced ESR evinces that single Se chains are cut under illumination at room temperature, which was predicted by computer simulations, 29, 30 while no direct evidence has been obtained so far. Photoinduced optical absorption and photoluminescence ͑PL͒ fatigue also appear, the origins being discussed. These results will add new insight into the photoinduced phenomenon in chalcogenide glasses.
1-3

II. EXPERIMENTS
Sample preparation was described in Ref. 27 . In brief, Se chunks with 6N purity were vaporized at 300°C and impregnated into ZSM-5 crystals held at ϳ150°C in vacuum. Photoinduced phenomena, under illumination of laser light with photon energies of 2.0-2.6 eV and intensities of 1-40 mW, were inspected in three properties. First, ESR spectra were obtained using an X-band continuous-wave spectrometer at 290 K. Concentration of unpaired electron spins was calibrated using CuSO 4 ·5H 2 O as a standard. Second, photoinduced absorption was investigated using a conventional spectrometer. Induced absorption was monitored within ϳ5 min after interrupting light excitation. Third, PL was measured using several lasers and a triple-polychromator system at room temperature. Spectral shapes were calibrated using a black-body radiation. Figure 1 shows a schematic view of ZSM-5 with photographs of the zeolite and a z-Se sample employed in the present experiments. The zeolite has a typical size of 40, 40, and 200 m for the a, b, and c directions. As described in Ref. 27 , the transparent ZSM-5 changes to brownish orange after Se loading. Figure 2 shows ESR spectra obtained for a pile ͑ϳ1000 pieces͒ of z-Se. As reported in Ref. 27 , pristine z-Se gives a sharp signal ͑a͒, suggesting spins with a density per zeolite crystal of ϳ10 13 / piece, which is ascribed to Seoxygen charge-transfer complexes. 31 Katayama et al. 18 reported a similar sharp signal for Se in mordenite, while the origin is not specified. As shown in Fig. 2͑b͒ , the ESR signal is photoenhanced. Illumination of 2.0 eV light with an intensity of ϳ1 mW ͑ϳ100 mW/ cm 2 ͒ for a few minutes at room temperature has increased the signal with the spectral shape unchanging. The increase is an order, suggesting ϳ10 14 spin/piece, which scarcely changes upon prolonged illumination. Quantum efficiency of this photoinduced process, estimated from a ratio of the spin density ͑ϳ10 14 spin/ piece͒ divided by the absorbed photon dose 32 ͑10
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−10 16 / piece͒, is 10 −2 −10 −1 . The increased signal stays stable after terminating the illumination, at least, for 3 days. It is mentioned that exposures using a 2.3 eV laser and a Xe lamp have brought similar increases in the spin signal, which suggest that the saturated spin density does not depend critically on the photon energy of excitation. It should be mentioned that the present ESR result is contrastive to those previously reported. [9] [10] [11] 18 For instance, a-Se does not give dark ESR signals, and illumination of bandgap light at cryogenic temperatures induces broad signals ͑ϳ20 mT͒ at g ϳ 2 with spin densities of 10 16 -10 19 cm −3 , which is ascribed to dangling bonds of Se.
1 Figure 3 shows that z-Se undergoes photoinduced absorption at 1.6-2.4 eV at room temperature. In detail, the induced absorption has a peak, which is located at ϳ1.8 eV under excitation of 2.0 eV and at ϳ2.0 eV under excitations of 2.3 and 2.6 eV. It should be noted that the growing timescale of the induced absorption is much longer than that of the photoinduced ESR. For instance, under the 2.0 eV excitation, the absorption saturation occurs after ϳ1 h ͑Fig. 4͒, being longer by an order than that of the spin increase. This 
the sample, and ultimately the sample becomes transparent ͑not shown͒, which may be due to sublimation of Se.
As reported elsewhere, 32 upon excitation of laser light with photon energies of 2.0-2.8 eV, z-Se presents broad PL in visible spectral regions, 1.8-2.6 eV, at room temperature. This visible PL becomes stronger by an order at 80 K. It has been confirmed using another polychromator system that no PL appears at near infrared regions ͑Յ2 m͒.
The PL fatigues upon light excitation at room temperature. For instance, as shown in Fig. 4 , upon irradiation of the 2.0 eV light, PL weakens to ϳ70% with a timescale of ϳ1 h, which is similar to that of the induced absorption. The fatigue level is, for excitation of 2.0-2.5 eV, 50%-70%, which seem to vary from sample to sample. However, in contrast to those in the ESR and absorption changes, the PL fatigue has recovered at room temperature with a timescale of ϳ10 h. Then, the PL again weakens under repeated excitation.
To the authors' knowledge, the present work gives the first demonstration of the photoinduced absorption and PL fatigue in Se. It should be also mentioned here that Ramanscattering spectroscopy could detect no structural modifications corresponding to the three photoinduced changes.
IV. DISCUSSION
We have discovered, for z-Se at room temperature, the photoinduced changes in ESR, optical absorption, and PL. Here, the first problem is if these three changes arise from a unique structural change. The answer seems negative because the related timescales of photoinductions and thermal recoveries are different. As mentioned, upon illumination of 2.0 eV light of ϳ100 mW/ cm 2 , the spin increase, induced optical absorption, and PL fatigue have occurred, respectively, with the timescales of ϳ5 min, ϳ1 h, and ϳ1 h. Moreover, only the PL fatigue has recovered after storage in the dark at room temperature for ϳ10 h. ͑2.3 eV light has given similar features, while those may be affected by lightpenetration effects.͒. Therefore, we should consider the origins of these photoinduced changes one-by-one, taking the suggested Se structure 27 into account. Mechanism of the photoenhanced ESR relies upon an interpretation of the dark signal because of the very similar spectral shapes. Abkowitz 31 and others 33 ascribed the sharp ESR signal in solid Se to the oxygen charge-transfer complex, which may be denoted as -Se + O 2 − , where -Se symbolizes a chain end. This interpretation provides a model for the photoinduced ESR in z-Se that light illumination cuts single Se chains, a kind of chain fragmentation process, and the broken ends immediately form the oxygen complexes as -Se + O 2 − O 2 − Se + -. It seems that O 2 exists anywhere since it can easily penetrate into the pore due to the small elliptical shape of ϳ0.3 and ϳ0.4 nm. Otherwise, O 2 may be supplied from the inner walls of ZSM-5 pores. Taking the Se density of ϳ10
15 / piece ͑Ref. 27͒ and the photoenhanced spin density of ϳ10
14 / piece, we now assume that the chain length is reduced to ϳ10 atoms on average. Similar photofragmentations seem to occur in Se clusters in other zeolites. 22, 28 The present observation has provided a direct evidence of photoinduced chain scission at room temperature. 34 It is known that in solid and molecular Se, the valence band and HOMO level are made from lone-pair electron states, not from bonding states. 23, 24, 35 Hence, if excitation of a lone-pair electron can cut a covalent bond is not clear. However, the photoinduced ESR evinces the scission, consistent with a molecular-dynamics simulation for an infinitely long Se chain at 500 K, 30 which demonstrates photoinduced stateshybridization leading to bond breaking. It is plausible that such bond scission assists the photoinduced crystallization.
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However, for the present interpretation, some problems may be posed. For instance, why does not the chain shortening accompany a blueshift of the HOMO-LUMO gap, as expected from a simple quantum-well calculation? A plausible reason is that the mean-free path of electronic carriers is still shorter than or comparable to the chain length of ϳ10 atoms so that the effect cannot appear. Otherwise, the shift arising from the quantum-well effect is estimated at ϳ0.1 eV, which could not be experimentally resolved due to limited shapes of the present sample and the gradual absorption edge. We may also ask why the ultimate chain length is ϳ10 atoms. A speculation is that the length just corresponds to the mean-free path ͑or thermalization distance͒ of excited carriers, and the chain end works as an efficient nonradiative recombination center, which suppresses further bond breaking.
For the induced absorption, the origin is ambiguous. The spectral shape suggests that the induced absorption is not the photodarkening, [6] [7] [8] which denotes a nearly parallel redshift of the absorption edge.
1-3 The photodarkening seems to arise from enhanced disordering in interchain interaction, 1 and accordingly, its nonexistence in single Se chains is reasonable. On the other hand, it cannot be known if the induced absorption can be regarded as the midgap absorption extending at E g / 2 ϳ E g ͑E g is the optical gap͒ 1 since the lower energy side ͑ϳE g / 2͒ could not be inspected due to the limited size of z-Se samples. Since the induced absorption shows a longer growing timescale than that of the ESR, we should assume some ESR inactive structural changes, which occur in the shortened Se chains. For instance, the chain may be photooxidized as -Se-O-Se-or -Se-O 2 -Se-. It should be mentioned that photoinduced absorptions in previous studies are demonstrated for Se in powdered zeolites, 17, 18 which may be influenced by Se deposited onto zeolite surfaces.
For an interpretation of the PL fatigue at room temperature, the origin of the PL should be known first. Here, we underline the small Stokes shift of 0.1-0.2 eV, which implies that the PL arises from exciton ͑electron-hole pair͒ recombination. Since the exciton is produced in the deformable single chains, polaronic excitons may be responsible for the PL. This view seems to be consistent with a theoretical result by Ikawa and Fukutome 23 and previous experimental results for t-Se ͑Ref. 36͒ and for Se in zeolite. 37 It seems that Se in ZSM-5 works as a dye in a wide-gap host. It should be noted that the small Stokes shift in z-Se is contrastive to those reported for a-Se ͑Ref. 38͒, t-Se ͑Ref. 39͒, and Se-cancrinite, 22 in which the PL peak-energy E PL satisfies the so-called half-gap rule E PL Ӎ E g / 2, which is widely observed in chalcogenide glasses and corresponding crystals, 38 although the origin remains controversial.
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How can we interpret the PL fatigue in z-Se? Since it occurs with a similar timescale to the induced absorption, while it thermally recovers at room temperature, we may envisage additional changes to that causing the induced absorption. For instance, ESR inactive biexcitons are selftrapped at the distorted segment or the oxidized sites as -Se + -O 2 ͑O͒ 2− -Se + -. Provided that such excitons have a lifetime of ϳ10 h, the PL may fatigue due to a limited density of the trapping sites.
V. CONCLUSIONS
It has been demonstrated that Se-loaded ZSM-5 exhibits at room temperature photoinduced phenomena including photoinduced ESR, subgap absorption, and PL fatigue. The photoinduced ESR gives a direct evidence of the bond scission in single Se chains. The subgap absorption and PL fatigue occur with longer timescales than that of ESR, and only the PL shows a recovery. Structural changes giving rise to the induced absorption are largely speculative. PL possibly arises from self-trapped ͑polaronic͒ excitons in single Se chains, and the fatigue can be related to a finite exciton lifetime. 
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